Genetic admixture can provide material for populations to adapt to local environments, and 1 this process has played a crucial role in the domestication of plants and animals. The model 2 yeast, Saccharomyces cerevisiae, has been domesticated multiple times for the production 3 of wine, sake, beer and bread, but the high rate of admixture between yeast lineages has so 4 far been treated as a complication for population genomic analysis. Here we make use of 5 the low recombination rate at centromeres to investigate admixture in yeast using a classic 6 Bayesian approach and a more conservative locus by locus phylogenetic approach devel-7 oped here. Using both approaches, we find that S. cerevisiae from stable oak woodland 8 habitats are less likely to show recent genetic admixture compared with those isolated from 9 transient habitats such as fruits, wine or human infections. When woodland yeast strains 10 do show recent genetic admixture, the degree of admixture is lower than in strains from 11 other habitats. Furthermore, S. cerevisiae populations from oak woodlands are genetically 12 isolated from each other, with only occasional migration between woodlands and local 13 fruit habitats. Application of our phylogenetic approach suggests that there is a previously 14 undetected population in North Africa that is the closest outgroup to the European S. cere-15 visiae, including the domesticated Wine population. Thorough testing for admixture in S. 16 cerevisiae therefore leads to a better understanding of the underlying population structure 17 of the species and will be important for understanding the selective processes underlying 18 domestication in this economically important species.
Introduction
The wine yeast Saccharomyces cerevisiae is one of the most economically important model 23 organisms and is used by humans around the world to produce alcohol and to ferment foods strain as "admixed" if its proportion of ancestry to a single population was less than 0.94 (equivalent to 1 out of 16 centromere loci being from a different population). 168 (ii) Detecting admixture using a locus by locus phylogenetic approach. We also per-169 formed locus by locus phylogenetic analyses of all 80 strains, assigning each of the 66 170 non-reference strains at each locus to a population according to which of the 14 reference 171 strains it grouped with. We used custom perl scripts to run the phylogenetic analysis using 172 the ape package in R. For each locus, we constructed a neighbour joining tree of genetic 173 distances using the F84 model, used 10,000 bootstrap replicates to assess statistical sup-174 port for each clade and output a text summary of the strains found in each clade using the 175 prop.part tool of boot.phylo in ape (Paradis, 2011). We only considered clades that had at 176 least 70% bootstrap support. For each locus, strains found in clades with reference strains 177 from only one population were assigned to the same population as the reference strains. Be-178 cause of the limited phylogenetic resolution at some loci, we also assigned strains in clades 179 with reference strains only from the European Oak or Wine populations as "European" 180 and those in clades with North Carolina or Pennsylvania reference strains as "USA". In 181 cases where a sequence does not group with those of reference strains belonging to a single 182 population, its population status at that locus is classed as "undefined". The more general 183 classifications of "European" or "USA" do not conflict with subpopulation classifications 184 within those groups, and loci classed as "undefined" do not conflict with classifications at 185 any other loci. We then compared population predictions across all loci for a strain, and if 186 a strain was assigned to a population at a locus that conflicted with the population assign-187 ment at any of the other loci, then that strain was defined as showing genetic admixture.
188
For example, SDO8s1 was isolated from a North Carolina oak, and has a CEN4 sequence 189 from the Wine clade, but it has 5 loci that are in the same clade as the North Carolina Oak 190 reference strains (the remaining loci were undefined or in the USA clade; Figure S1 ). This 191 strain therefore shows admixture between Wine and North Carolina Oak populations. In most cases (55 out of 66 strains) the two approaches resulted in the same population and 193 admixture assignments. Fewer strains were defined as admixed using the locus by locus 194 phylogenetic approach (Table 2) , so we used this more conservative approach to decide 195 which strains to exclude from the final phylogenetic analysis.
196

Results
197
Seven genetically distinct populations of S. cerevisiae. 198 We generated complete sequence data for whole centromeres from all 16 chromosomes 199 of 47 S. cerevisiae strains from oak woodlands and fruit in the USA and Europe. We 200 compared these sequences with a similar dataset previously described in Bensasson (2011) 201 that includes 33 strains collected worldwide (Table 1 ). In S. cerevisiae, centromeres are 202 small (up to 125 bp long), rapidly and neutrally evolving and have low recombination Figure 2 ). These subpopulations are 217 not identified by structure in any of the models we obtained, even when invoking a larger 218 number of populations. We therefore used a hierarchical approach to test for population 219 substructure within a subset of European strains (N = 23, Figure 1b ) and within strains 220 from the USA (N = 24, Figure 1c ). This analysis revealed two subpopulations within Eu-221 rope (Wine and European Oak), and two subpopulations within the USA (Pennsylvania Oak 222 and North Carolina Oak). Overall, using this hierarchical structure approach, we identified 223 a total of seven populations using structure, and these populations were also represented 224 with well-supported clades in our phylogenetic analysis ( Figure 2 ).
225
A conservative test for recent genetic admixture.
226
Using the seven populations identified above, we used two approaches to test for genetic 227 admixture in each strain in our dataset. The first approach uses the industry standard soft-228 ware, structure, to estimate levels of genetic admixture given a panel of reference strains. 229 We also developed a second locus by locus phylogenetic approach, which only invokes 230 admixture for a strain if it has haplotypes at loci that are confidently assigned to differing 231 known populations.
232
Analysis of admixture results for individual strains showed that 69 out of 80 strains were 233 defined concordantly by the two methods (Supplemental File 1). In most of the remaining 234 11 cases, only structure invoked admixture in European strains (9 strains, Supplemental 235 Files 1 and 2). Investigation of all 9 strains where only structure invokes admixture sug-236 gests that these are likely to be false positives because there was no strong or consistent 237 phylogenetic support for their similarity to multiple populations (Supplemental Files 2 and 238 2). For some of these strains, structure appeared to invoke admixture to explain genetic admixture only at a single locus for 8 strains, which suggests that in some cases backcross-290 ing has occurred between hybrids and strains from single populations. All four admixed 291 strains from woodlands showed admixture at a single locus, whereas admixture at only sin-292 gle loci occurred less often in strains from other habitats (4 out of 18 strains; Fisher's exact 293 test, P = 0.01). When strains showed admixture at only one locus, the admixture occurred 294 at different loci for non-woodland strains but for the 4 strains from oak woodlands, they all 295 showed evidence of admixture at the same locus (CEN4). Indeed, the CEN4 sequence was 296 identical for 3 of these strains, suggesting that some of this admixture seen in oak strains 297 does not result from independent events, and therefore that we could be overestimating the 298 frequency of admixture in the oak habitat. Overall, the pattern of admixture observed sug-299 gests that the degree of admixture, as well as the frequency of admixture, could be lower in 300 oak woodland habitats than in strains from other habitats. 
338
Using two approaches for defining admixed strains in a systematic and quantitative way, 339 we show that patterns of genetic admixture differ between habitats ( Table 2) . Yeast strains 340 from oak woodlands are less likely to show recent genetic admixture than those from other 341 habitats ( Table 2) , and when it does occur the degree of admixture is lower and from fewer identified by genomic studies. 357 We developed a conservative locus by locus test to complement the use of structure, which 358 is the standard Bayesian method used to estimate admixture (Pritchard et al., 2000) . A com-359 parison of admixture calls using the two different approaches suggests that structure will 360 sometimes invoke admixture to explain the divergence of a strain from defined populations, 361 or it could incorrectly invoke admixture between genetically similar populations (Supple-362 mental Files 1 and 3). Indeed, by using a locus by locus phylogenetic approach, we detect 363 evidence for a distinct North African population (represented by DBVPG1853m in Figure   364 3) that was previously treated as an admixed strain in population genomic analyses (Liti ). Our analysis suggests the need for a more thorough investigation of admixture in 370 yeast population genomic data using alternative methods.
371
When we removed admixed strains from our phylogenetic analyses, it became clear that 372 woodland populations are distinct from one another, even when they occurred relatively 373 close together in the Eastern USA (Figure 3) . Given that we were unable to detect any mi- 0.11* * Fisher's exact tests show that habitats differ in the prevalence of strains that show recent admixture (structure analysis: P = 4 × 10 −5 ; locus by locus analysis: P = 0.009). If strains isolated from oaks or other trees are excluded, then the prevalence of strains with recent admixture is independent of habitat (structure analysis: P = 0.3; locus by locus analysis: P = 0.5), suggesting that most of the difference among habitats is due to the low genetic admixture seen in woodland strains. A breakdown of population assignments defined by the most likely models estimated by structure analysis. Reference strains for the detection of admixture in subsequent analyses are highlighted with a "*". a) Five major global populations identified in the worldwide sample. Most of our worldwide sample of 80 strains can be assigned to 5 distinct populations: 1 from Malaysia (blue), 2 from sake (red), and 3 from West Africa (orange), as well as strains from Europe (brown) and the USA (green). structure also invoked some gene flow from a sixth (K=6) population (yellow), however we did not encounter any strains that clearly represent this population. Figure 2 : Neighbour joining distance analysis of all strains shows subpopulations within the USA and Europe. Bootstrap support was estimated from 10,000 bootstrap replicates and support is shown as a percentage for clades with over 70% support. Strain names and clades are coloured according to populations defined by the structure analysis shown in Figure 1a . Bootstrap support for the European and USA populations is lower than 70%, however there is strong bootstrap support (at least 95%) for subpopulations within the USA and Europe. Figure 3 : Phylogenetic analysis of non-admixed strains reveals structured populations with occasional migration. We excluded 22 recently admixed strains out of the 80 strains in the original dataset, and estimated the phylogeny using a maximum likelihood approach with bootstrap support shown for clades with over 70% support out of 10,000 bootstrap replicates. Clades are coloured according to their genetic population, and strains are annotated according to their habitat. DBVPG1853m, which is not clearly assigned to a European population in this maximum likelihood analysis appeared most similar to the Wine population in the locus by locus analysis. Strains isolated from oak trees are similar to strains isolated from the same woodland and distinct from those isolated from other regions. There is some migration of S. cerevisiae from the North Carolina Oak population onto North Carolina grapes (prefixed "ARN"). In addition, all three strains isolated from oak trees in Aldeia das Dez in Portugal (prefixed "ZP57") had migrated from the Wine population to trees.
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